We have investigated cooperative dynamics of an artificial stochastic resonant system, which is a recurrent ring connection of neuron-like signal transducers (NST) based on stochastic resonance (SR), using electronic circuit experiments. The ring showed quasi-periodic, tunable oscillation driven by only noise. An oscillation coherently amplified by noise demonstrated that SR may lead to unusual oscillation features. Furthermore, we found that the ring showed synchronized oscillation in a chain network composed of multiple rings. Our results suggest that basic functions (oscillation and synchronization) that may be used in the central pattern generator of biological system are induced by collective integration of the NST element.
Stochastic resonance (SR) is a phenomenon in which noise enhances the response of a nonlinear system to a weak signal. [1] [2] [3] It has been identified in various physical systems such as electronic circuits 2, 4) and natural systems such as neurons. 1, 2, [5] [6] [7] [8] [9] [10] Noise is intuitively interfering factor, but is can be used to provide a functional benefit of signal coherency amplification in the stochastic resonant systems. Recent studies suggest the potential technological application of SR, such as for sensors to detect weak signal, 10) image reproduction in visual perception, 11, 12) and nonlinear memory storages, 13, 14) and aim for the common utilization of this phenomenon in the engineering field. 14) Although it is important to develop SR for common use, a general scheme for making functional and integrated systems based on SR has yet to be investigated. In order to broaden the use of SR, we explore an integration scheme of SR elements.
As informative examples, biological systems may functionally use this phenomenon in neurophysiological systems such as sensory receptors in crayfish, 6) crickets, 7) and humans, 8) and behaviors such as paddlefish feeding on zooplankton and human balance control. 15, 16) Given that the neuron is an SR element, 1, 2, 5-10) nervous systems could be considered one integrated system comprising SR elements. Neurons connect within functionally correlative groups that further connect within groups of groups, and represent an integral element of large-scale functional systems such as neural networks. In this study, inspired by observations of SR in biological systems, we propose a scheme to integrate a neuron-like signal transducer (NST) with SR into a recurrent ring system, which is a simplified version of a recurrent neural network. 17) We demonstrate the integration using an electronic circuit and investigate cooperative dynamics of the recurrent ring. Furthermore, the recurrent rings were investigated for 3 behavior in a chain connection in order to confirm the capacity of more integrated systems based on the ring. We report that quasi-periodic oscillation resulted in the ring circuit by only adding GWN. The NST does not have an oscillation function, and the oscillation property arises from the geometric effect of the recurrent ring connection. In other words, the ring can rectify noise to a periodic signal, like a Brownian motor. 18, 19) This point is quite different from previously reported studies of the stochastic oscillator in computer simulations, which used the oscillator as a base element. to tune to the external signal with higher-order synchronization, and then it was tuned up to several dozen Hz as shown in Fig. 3(a) , (ii) (1Hz) and (iii) (3 Hz). The oscillation became irregular over 100 Hz [ Fig. 3(a) , (iv), 400 Hz]. In order to measure synchronization, we calculated the cross-correlation R xy between the trigger signal and the ring output, as a function of the frequency of the trigger signal. In Fig. 3(b) , the R xy value was large for a frequency ranging from 2 Hz to a few hundred Hz. The ring was tunable to the trigger signal without changing any circuit parameter, and the maximum point was determined by the time constant of the differentiation circuit. The tunable flexibility served to extend the operating range of the oscillation frequency of the ring.
In order to investigate a more collective system, the rings were further characterized in the chain network [ Fig. 4(a) ]. To interpret the phase advance in the regime of SR, we used as an example a model of a coupled multi-limb system controlled by oscillation of the chain system.
21)
The phase-advanced synchronization produced cooperative motion of two connected limbs. The cooperative motion propagated to downstream limbs, realizing a smooth meandering motion for the whole of the multi-limb system, as shown in Fig. 4(c) . The cooperative motion arising from the phase advance of the oscillators was enhanced by noise, and corresponds to the SR-type behavior. which noise added to sensory receptors caused SR in the behavior of living individuals. 15, 16) The analogy implies that our procedure of integrating isolated elements mimics biological systems. We believe that this scheme to integrate NSTs is important in the utilization of accumulated function regarding SR.
Lastly, the scheme to utilize SR could contribute to an energy saving for devices.
Recently, the electric power consumption density of large-scale integrated circuits has increased and is comparable to that of a cooking hot plate, and will reach the same level of the sun's surface in the near future. 22) A dominant factor is that the driving voltage of a transistor is less reducible to overcome system noise, even with an increase of the transistor element density on a tip. Since a noise-induced system is unnecessary to overcome noise, the driving voltage can be dramatically reduced at the element level.
The scheme may therefore allow for a total saving of the energy consumption of a system.
FIG 1. (a)
Analog electric circuit diagram for the NST. The experimental circuit of the NST consists of a multiple-entries adder, a comparator, and a derivative circuit. The multiple-entries adder and comparator were composed of OPA circuits in the doubleinverter and Schmitt trigger configurations, respectively. The inset shows a hysteresis characteristic of the comparator. The derivative circuit is fabricated using a capacitanceresistance circuit. After the derivative circuit, the signal was sent to one more inverter circuit in order to obtain a non-inverted signal against the input because the comparator works as an inverter. Two trimmer resistances were used in order to vary the threshold value (and hysteresis width) and w cc : one was located between the feedback resistance and the ground in the Schmitt trigger circuit, and the other was used as a voltage divider after the inverter circuit. We symbolized the NST on the right side. 
